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ABSTRACT

In 2016, a survey was conducted into the causes of twig blight on peach (Prunus
persica) in five orchards across South Carolina. From this survey, isolates from the
fungal genus of Cytospora (Sordariomycetes, Diaporthales) were reported on peach, for
the first time, within the state. Cytospora species are known to cause oozing cankers on a
wide range of woody hosts leading to dieback, loss of limbs, and reduction in yield,
prompting concern for important economic crops. Past methods of identification of
Cytospora species have been confounded by indistinguishable morphology, overlapping
host preference among species, and genetic sequencing of barcoding regions lacking
species-level delineation capabilities. Therefore, for identification to species, the
combined use of morphology and genetic sequencing using multiple gene loci are
required. In this study a combination of morphological descriptions of asexual structures
and sequencing data from four loci, actin (ACT), beta tubulin (TUB), calmodulin (CAL),
and translocation elongation factor (EF1α), were used to reach a species-level
description of Cytospora isolates from South Carolina. Sequencing data combined from
three gene regions, ACT, TUB, and EF1α, show that all but two isolates shared a 99%
similarity to Cytospora plurivora, a recently described species on peach in California.
Morphological measurements of conidia and conidiophores on detached twigs from
selected isolates are consistent with that of C. plurivora. The remaining two isolates
were found to have a 95% similarity to C. erumpens, but further study is needed to
strengthen this species identification.
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CHAPTER 1
LITERATURE REVIEW
The kingdom Fungi represents a diverse group of organisms that can affect
humans in both positive and negative ways. One such negative interaction is the damage
to, and loss of, crops due to disease-causing fungi. These pathogenic fungi cause a variety
of damage, and pose a serious threat to the health, viability, and production of many
important agricultural crops. According to one study, damage to major food staples can
range from 10%-70% depending on host, pathogen, and environmental conditions
(Godfray et al. 2016).
Importance of Peach: In the southeastern United States, peach represents an important
crop both, economically and agriculturally. Peach (Prunus persica) is a member of the
Prunus genus, which also contains cherries (P. avium), plums (P. domestica), apricots (P.
armeniaca), and almonds (P. dulcis). Peach trees were imported from China and have
been grown commercially in South Carolina since the late 1800’s. The fruit is notable for
their unique taste, high nutritional value, and are considered staple in Southern cuisine
(Doubrava et al. 2016). South Carolina is home to 40 varieties of both peaches and
nectarines (P. persica), and has the second highest peach production in the United States,
after California, growing approximately 76,500 tons valued at around 101 million dollars
in 2020 (USDA 2020). In recent years the total volume of peach production has been in
decline due to a combination of weather events, climate change, and increased rates of
disease outbreaks (Doubrava et al. 2016). In March of 2017, an early spring freeze caused
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a near total loss of the peach crop in South Carolina. In addition, subsequent year-round
rain and mild temperatures created favorable conditions for a wide variety of pathogens
that can affect a peach tree throughout its life cycle. All peach tree tissues, and every
stage of its life cycle, can be affected by disease, from peach leaf curl to post-harvest
emergence of brown rot. One such disease, which was recently described in South
Carolina for the first time, is Cytospora canker caused by Cytospora species (Froelich
and Schnabel 2019).
Cytospora Canker: As the causal agent of Cytospora canker, Cytospora species can lead
to a range of problems for their host. Die-back of infected limbs can lead to a severe
decline in overall health and, overtime, lead to a reduction in yield of the tree host (Wang
et al. 2016; Biggs 1989). This can be especially detrimental in trees that are used for fruit
production. Reports on Cytospora cankers being the major limiting factor for stone fruit
production can be found globally, ranging from East Asia to Europe, and throughout
Canada and the United States (Vasilyeva et al. 2000; Roznyay 1977). The first incidence
of Cytospora, in the United States, was from cankers found in Prunus species in upstate
New York in 1900 (Stewart et al. 1900). Throughout the 20th century, the distribution of
Cytospora species expanded, with reports from peach-growing areas across the country
including southern states, including Florida (Alfieri et al. 1973), North Carolina (EndertKirkpatrick and Ritchie, 1988), Georgia (Biggs 1989), South Carolina (Froelich and
Schnabel 2019) and Western States such as Washington (Regner et al. 1990). In the
Western parts of Colorado, it is estimated that 75%-100% of peach orchards were found
to be infected by Cytospora Canker, accounting for 15%-20% annual loss of production
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totaling around 3 million dollars (Miller 2017; USDA 2016). Recent reports of Cytospora
on peach raised concerns about the origins of this pathogen in South Carolina. Previous
reports document Cytospora on hosts such as hydrangea (Hydrangea sp.) and loblolly
bay (Gordonia lasianthus) dating back to the 1960s (Farr and Rossman 2021). It was
believed that bacterial canker was needed for certain types of Cytospora infections to
take hold, as Cytospora is considered to be an indirect pathogen (Ritchie and Clayton
1981). Twig dieback, in South Carolina, was mostly attributed with bacterial canker
(Pseudomonas syringae pv. syringae) until recently, when Cytospora was reported to be
more prevalent on peach (Froelich and Schnabel 2019). Likely causes as to why
Cytospora outbreaks are not seen in South Carolina, like those seen in other parts of the
country are not yet known, but environmental factors such as cooler climates and limited
nutrient availability may play a role (Pokharel 2013). Future work is needed to
investigate the cause of the lower incidences of Cytospora infections in South Carolina.
Cytospora Taxonomy: Cytospora is an Ascomycota (Diaporthales, Valsacaeae) with
approximately 672 species listed on Index Fungorum (2021) and Mycobank (2021), and
are found on over 130 different species of woody plants (Farr and Rossman 2021). This
genus was first established in 1818, and members were once considered to be the asexual
state, or anamorph, of Valsa, Leucostoma, and several other related genera. With the
advent of “one fungus, one name” by the International Code of Nomenclature for algae,
fungi, and plants (ICN), Cytospora, which is the oldest name, became both the protected
and preferred name (Rossman et al. 2015; McNeil et al. 2012; Ehrenberg 1818). The
naming convention set by the ICN, also extends to the cankers caused by these fungi,
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thus diseases formally known as Leucostoma canker, and Valsa canker, are now referred
to as Cytospora canker.
In the past, methods of identification of Cytospora species were based on
morphological descriptions of reproductive structures, including size and shape of the
anamorphic fruiting bodies, pycnidia, and the hyaline, allantoid asexual spores, conidia,
along with the organization of locules found in teleomorphic structures, Perithecia
(Spielman 1985; Adams et al. 2005). These structures, however, have shown to be
uninformative when trying to reach species-level determination leading to confusion and
misidentification (Lawrence et al. 2018). Anamorphic characteristics have been shown to
be indistinguishable from one another due to overlap in morphology between species
(Spielman 1985), while teleomorphic characteristics are not always observed and exhibit
morphological plasticity due to interactions with host tissue (Wang et al. 2011). Host
association has been used in conjunction with morphology, but has also been problematic
for species delineation. For example, one Cytospora species may be reported from a wide
range of hosts (Farr and Rossman 2021), while a single host can be home to numerous
species (Adams et al. 2005).
With advances and availability in molecular sequencing, progress has been made
to better delineate Cytospora species, despite the morphological plasticity among species
(Lawrence et al. 2018). The use of specific gene sequences, known as barcodes, have
provided a standardized method for identifying organisms based on genetic data; for
fungi the barcode is the internal transcribed spacer region, (ITS) (Schoch et al. 2012).
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The ITS region, however, lacks strong delineation capabilities needed to make specieslevel identifications in genera with low intra-species variation (Tekpinar and Kalmer
2019; Raja et al. 2017). One previous study attempted to use the ITS region for
identification of 57 Cytospora isolates and the results showed one species despite the
variability in culture morphology (Froelich and Schnabel 2019), prompting the need for
additional information in order to achieve a species identification. The use of secondary
regions from protein encoding gene loci such as, translocation elongation factor, (EF1α),
and beta tubulin, (TUB), are preferred for a more robust species determination, especially
when working with cryptic species such as, Cytospora (Lawrence et al. 2018; O’Donnell
et al. 2015).
Cytospora Biology: Cytospora species have been shown to be the causal agent of cankers
on a variety of tree species, including stone fruit trees (Grove and Biggs 2006). These
fungi are indirect pathogens, meaning they cannot enter their host solely by themselves,
and require some form of an opening to allow for the fungi to enter the host. These
openings occur naturally on the plant host, or can come from mechanical wounding via
pruning, or from freeze damage during dormancy, with the most common sites of
infection, for peach trees, occurring on bud nodes of one-year-old twigs (Biggs and
Grove 2005; Biggs 1989). After the fungus enters a host, it will colonize the surrounding
cambial tissue before extending into the xylem tissue disrupting vascular conductivity
(Hampson and Sinclair 1973). The host response to initial infection involves the sealing
off of infected tissues via the formation of protective tissue known as a periderm, which
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acts as a barrier to resist further infection (Wisniewski 1983). These defenses are not
always successful, as the invading pathogen can reenter sealed tissues late in the year as
the host begins to go dormant, or when host’s defenses are compromised due to external
stress (Biggs and Grove 2005). Girdling of xylem tissue can lead to dieback symptoms
that begin to appear in the form of sunken, necrotic cankers, the most recognizable
symptom of Cytospora canker.
Cytospora species can infect all woody tissue of its host with symptoms varying
depending on the size and age of the infected area; symptoms of larger scaffolding limbs
and trunks appearing more obvious when the presence of excessive amounts of amber
colored ooze seep from cankers (Biggs 1989; Biggs and Grove 2005). A few weeks after
symptoms appear, if environmental conditions become favorable, pycnidia begin to
emerge on infected twigs, giving a black pimple-like appearance. Pycnidia are flaskshaped bodies where the conidia are produced. Conidia are secreted in the form of a
curled, yellow-orange tendril in a polysaccharide matrix, known as a cirrus, which is
extruded from the fruiting body and serves as the main source of inoculum (Biggs 1989).
Conidia production may occur year-round with the highest volume being in the spring
and summer months when humidity is high, but exact levels of spore production are
dependent on the climate within an individual orchard (Biggs and Grove 2005). Dispersal
of conidia in an orchard is facilitated due to a combination of wind, splashing due to rain,
or overhead sprinkler irrigation (Biggs and Grove 2005).
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Control Methods: There are no standardized control methods for the management of
Cytospora species, with treatment strategies varying by region and host. Current control
methods focus on a combination of cultural management practices and the use of
appropriate fungicides. Cultural control methods focus on prevention and maintaining
host health against environmental stress. Cytospora species need some form of opening
to enter their host, with the most common wounds occurring from mechanical injury, or
frost. Treating wounds with dressing applied with fungicide aids in preventing infections
from becoming established and Cytospora cankers from forming (Jacobi 2013). In peach,
cultural management practices through pruning and removal of infected tissue has been a
reliable method for dealing with infection (Peter 2017). However, this method can lead to
new wound openings, and the transfer of infectious conidia, if done incorrectly. Abiotic
factors such as limited water availability and soil nutrient deficiencies can lead to
physiological stress and an overall decline in host health. Management of these factors is
key for maintaining overall host health, and host longevity for fruit production; with one
study finding that regular irrigation leads to an increase in tolerance to environmental
stress and reduced incidences of Cytospora canker infection (Layne and Tan 1984).
Chemical control focusing on the use of targeted spray applications to protect damaged
host tissue has shown to be the most effective when dealing with Cytospora infections. A
recent study found that fungicides, Topsin and Captan, augmented with wound sealants
had a significant effect on reducing lesion size and inoculum volume on newly inoculated
limbs (Miller 2017). Additional studies found that thiophanate-methyl to be effected in
reducing Cytospora growth in-vitro, with recommendations to limit use of this fungicide
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due to high risk of developing resistance (Froelich and Schnabel 2019; Miller et al.
2019). Tolerance to Cytospora infections, among different peach cultivars, varied only
slightly with the cultivar FF24® displaying higher tolerance than 11 other peach types
(Miller 2021). More research is needed examining the effects of varying rootstocks on
developing tolerance to Cytospora infections.
Objectives: The purpose of this thesis research is to identify the species of Cytospora
isolated from peach trees with twig blight symptoms in South Carolina. Four gene loci,
ACT, TUB2, CAL, and EF1α, were sequenced and combined with morphological
descriptions of culture characteristics, conidia, and conidiophores to reach a species
identity. Identification of species is needed to understand the underlying biology of an
organism and how diverse groups of organisms are related. Accurate identification is
essential to direct research efforts into effective treatment strategies when working with
pathogens in crop systems, such as peach orchards. These data will contribute towards
efforts to document Cytospora species diversity.
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CHAPTER 2
IDENTIFICATION OF CYTOSPORA SPECIES ISOLATED
FROM CANKERS IN PEACH TREES IN SOUTH CAROLINA
Abstract

Cytospora species (Sordariomycetes, Diaporthales) are the causal agent of

Cytospora canker on a variety of tree hosts, including those of economic importance such
as peach (Prunus persica). Loss of limbs, yield reduction, and death can occur, which can
be severely devastating in trees used for fruit production. In 2016, a survey of twig blight
of peach trees was conducted in the major peach growing regions of South Carolina, and
Cytospora species were isolated for the first time from peach in the state. Initial
sequencing of the fungal barcoding region, the internal transcribed spacer (ITS), revealed
the isolates to be the same species despite high variability in culture morphology. The
aim of this study is to provide an accurate species-level determination using detailed
morphological descriptions in combination with genetic sequences of four additional loci:
actin (ACT), beta tubulin (TUB), calmodulin (CAL), and translation elongation factor 1alpha (EF1α). Results show the majority of isolates belonged to Cytospora plurviora, a
species first described from California in 2018 and distributed on a wide range of hosts,
including peach. Morphological data are also consistent with that of C. plurivora.
Sequencing data also showed that two of the isolates, MR-1 and MR-5, belonged to C.
erumpens, but without corresponding morphology data further work is needed in order
establish a species identification.
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Introduction

In the southeastern United States, peach (Prunus persica) serves as a key

economic crop and a staple in Southern cuisine. In 2020, 76 tons of peaches were grown
in South Carolina, making it the second highest state in peach production behind
California (USDA 2020). However, in recent years, peach trees in the state have become
infected by canker-causing fungi, which has resulted in dieback and a reduction in yield.
To investigate fungi associated with peach dieback, a survey was conducted in 2016 in
orchards from six regions across South Carolina. Froelich and Schnabel (2019) reported
isolating Cytospora isolates from five peach growing regions, making it the first
published report of Cytospora on peach within South Carolina; although it has been
reported in several nearby states including Florida, North Carolina, and Georgia (Adams
et al. 2002; Alfieri et al. 1974; Biggs 1989). Sequencing of the ITS region showed that all
isolates fell in to one of six distinct genotype groups, labeled G1-G6, and most closely
aligned with the species, Cytospora leucostoma, despite an eight nucleotide variation and
highly variable culture morphology (Froelich 2018).
Cytospora was first described by Ehrenberg (1818); currently there are more than
600 described epithets on a varied range of woody hosts according to Index Fungorum.
Although it is the asexual state of Leucostoma, Valsa, and several related genera,
Cytospora became the preferred, and protected, name under the International
Nomenclature for algae, fungi, and plants due to Cytospora being the earliest recorded
name (Rossman et al. 2015). In addition to pathogens, Cytospora species fill a variety of
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niches including endophytes and saprotrophs with a global distribution ranging from
China to across the continental United States.
As pathogens, these fungi enter their host via external openings and infect the
xylem tissue leading to dieback (Biggs and Grove 2005). As the infection persists,
oozing, necrotic cankers form, and give rise to dark colored, flask-shaped reproductive
structures, called pycnidia, which are embedded within stroma on the surface of host
tissue (Biggs and Grove 2005). Pycnidia produce filamentous conidiophores, which
produce hyaline, allantoid conidia that serve as the inoculum (Spielman 1985; Adams et
al. 2005). If left untreated, tree hosts may experience loss of limbs leading to a decrease
in yield and ultimately the death of the tree (Nouri et al. 2019). In the United States,
peach producing orchards, in the western parts of Colorado, have experienced a 100%
rate of infection due to Cytospora species causing a total annual peach yield loss of 20%
(Miller 2017). This has led to a major concern as there is currently no standard control
method for Cytospora canker, but early identification and removal of infected tissue
being key to managing infections.
Identification of pathogenic fungal species is important in order to direct research
on control strategies and to provide insights into the underlying biology of the causal
fungus. This is especially difficult for species that exhibit a cryptic nature in their
physical traits, such as Cytospora, making identification by naked eye near impossible in
a field setting. Due to the overlap in morphological characteristics, past methods of
identification, for Cytospora species, have relied, additionally, on host association
(Adams et al. 2005). These methods have also shown to be problematic as a single

15

species of Cytospora can be found on different hosts, in addition to multiple different
Cytospora species may exist with a single host, with one study describing upwards of 28
different species from Eucalyptus, including E. dunnii, E. grandis, and E. tereticornis
(Pan et al. 2020; Adams et al. 2005). Current methods rely on a combination of
morphology and phylogeny, with multiple gene loci used to strengthen identification to
the species level beyond that which standard fungal barcoding genes can provide (Raja et
al. 2017; Tekpinar and Kelmer 2019). The barcoding region for fungi, ITS, is not ideal
for some groups due to narrow or, lack of, barcoding gaps for this region (Raja et al.
2017). The use of secondary, protein encoding loci greatly enhances species-level
delineations, with one study promoting the use of addition loci, such as beta-tubulin
(TUB) and trans-elongation factor (EF1α) for Cytospora species (Lawrence et al. 2017).
Establishing new species level descriptions is hindered due to the lack of data in sequence
libraries for Cytospora species. However, there are continued efforts to isolate, identify,
and, when necessary, describe new species (Fan et al. 2015; Lawrence et al. 2017;
Lawrence et al. 2018).
The objectives of this study are (1) to provide detailed description of key
morphological characteristics, both from culture and from pycnidia grown on detached
twigs, and (2) to sequence four additional gene loci, including the actin (ACT), beta
tubulin (TUB), calmodulin (CAL), and the trans-elongation fact (EF1α), in order to
provide species-level identifications of the Cytospora isolates from peach trees in South
Carolina.
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Materials and Methods

Culture morphology: A 5mm mycelial plug from each Cytospora isolates

(Table 1) (Froelich 2018) was placed onto 90 mm petri plates containing 2% Difco™
potato dextrose agar, (PDA; 39g PDA, 900ml dH2O) and incubated in the dark at 25°C
for 7 days (Kim and Xiao, 2004). Isolates were photographed and mycelial growth was
measured by taking two lengthwise measurements at 90° from the center point. The same
measurements were repeated, along the same axis, after14 days. For each isolate, color
overall growth form, and shape of growing region and margins were recorded.
Assessment of color was done with the use of a mycological color chart by Rayner
(1970).
Morphology on detached twigs. The same Cytospora isolates used for culture
characterization were used to describe morphological characteristics on detached peach
twigs. Samples were collected from the Musser Farm in Clemson, South Carolina; trees
were 1-2 years old and the variety was July Prince. Twigs ranged in size from 1-2cm in
diameter and up to 30 cm in length. The twigs were surface sterilized in 0.6% solution of
sodium hypochlorite, for 5 minutes, rinsed with dH2O, and air dried. Two holes were
drilled at opposite ends, two inches in from each end. A 5mm round mycelial plug,
collected from the edge of a one-week-old culture, was placed into each opening,
mycelium facing down, and wrapped with parafilm. Inoculated twigs were placed into
individual gallon size Ziploc bags with a dampened sponge and incubated at 25°C under
a photoperiod of 12 hrs light and 12 hrs dark (Onesti et al. 2017). The parafilm was
removed after 7 days and conditions were monitored weekly throughout the growing
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period to ensure sponges remained moist. After 28 days, pycnidia were collected by
bisecting them using a double edge razor blade, mounted in water on a glass microscope
slide and examined under an Olympic RX65 microscope at 1000x magnification. Conidia
length and shape (n= 30) and, conidiophore length and shape (n=30) were recorded.
Measurements were taken from three different pycnidia from one isolate, from each
genotype. Photographs for each characteristic were recorded using a mounted RegLes 65
™ microscope camera.
DNA Extraction, PCR, and Sequencing Analysis. Representative isolates
(Table 1) from each of the genotype groups were selected for DNA sequencing of four
protein- encoding loci. These isolates were selected because they represent the variation
of culture morphology both within, and between, each group. Isolates were grown on
PDA, described above, for 7 days in the dark at 25 °C. Mycelia plugs were transferred to
PDA plates covered with ultra-clear cellophane from Research Products International and
allowed to grow for 3 days. DNA extraction was performed following the method in Chi
et al. (2009), using a plastic pestle in place of an electric grinder. After extraction, DNA
qualities were measured with a NanoDrop™2000. PCR was performed with Thermo
Scientific ™ Taq Polymerase and Thermo Scientific™ Phusion™ Green High-Fidelity
DNA Polymerase. PCR reagents for Taq reactions included 2.5μl of Standard Taq
Reaction Buffer, 0.5μL 10mM dNTPs, 1μL each of 10mM primers, and using 50ng of
template DNA for a 25μL reaction. Phusion reactions used 4μL of HF Green Buffer, 1μL
each of 10mM primers, and 0.2μL of Phusion™ High-Fidelity DNA Polymerase, using
50ng of template DNA in a 20μL reaction. The four regions chosen were: the actin
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(ACT) primers ACT-512F/ACT-783R (Carbone and Kohn 1999), beta-tubulin (TUB2)
primers TUB-2a/TUB-2b (Glass and Donaldson 1995), calmodulin (CAL) primers CAL228F/CAL-737R (Carbone and Kohn 1999), and translation elongation factor 1-α (EF 1α) primers EF-688F/EF-1251R (Alves et al, 2008). Table 2 contains a list of the full
primer sequences. PCR conditions followed manufacturer recommendations. Taq
protocol: initial denaturation for 1min of 94°C followed by 30s at 95°C. Annealing
temperatures varied based on the primers used (60°C ACT, 57°C BT, 56° CAL, 55°C EF
1-α) for 30s, 72°C for 35 cycles with a final elongation at 72°C for 10 mins. Phusion
protocol: initial denaturation for 30s at 98°C followed by 5s at 98°C. Annealing
temperatures varied based on the primers used (66°C ACT, 67°C BT, 61°C CAL, 59°C
EF) for 10s, 72°C for 30s for 35 cycles with a final elongation at 72°C for 8mins. PCR
products were visualized using gel electrophoresis, (1x TAE buffer gel, 100V, 35mins),
and gels were stained with Gelred® nucleic acid stain. PCR products were cleaned with
ExoSAP-IT™. Sanger sequencing was performed at the Arizona State University
Genomics Core.
Phylogenetic Analyses: Forward and reverse sequences were uploaded, and
proofread, using Molecular Evolutionary Genetics Analyses v. 10 (MEGA X) software
with consensus sequences generated using SeqmanPro by DNAStar™. Sequences were
searched with the Basic Local Alignment Search Tool (nBLAST) for homologous
sequences to determine species identity based on references isolates from recently
published studies (Lawrence et al. 2018; Fan et al. 2020; Pan et al. 2020). Isolates and
GenBank accession numbers for sequences used in this study are included in Table 3.
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Multiple sequence alignments were performed in MEGA X and phylogenetic trees were
constructed for each individual gene locus, using the criteria of maximum likelihood
(ML) and maximum parsimony (MP) for each data set. For ML, MEGA X was used to
infer the model of nucleotide substitution using Akaike Information Criterion (AIC). ML
analyses used Nearest-Neighbor-Interchange heuristic method with branch support of
1000 bootstrap pseudoreplicates. For MP, heuristic searches with 1000 random sequence
additions were applied using the Tree-Bisection-Reconnection algorithm with branch
support determined using bootstrap method of a 1000 pseudoreplicates. A Partition
Homogeneity Test using PAUP v 4.0 was conducted with 1000 homogeneity samples to
see if the individual datasets could be concatenated. Sequences from Diaporthe vaccinia
(Diaporthales, Diaporthaceae) served as an out-group for all data sets (Lawrence et al.
2018; Lawrence et al. 2015).

Results:

The morphological measurements from the six genotype groups, support the data

from the phylogenetic analyses. For all C. plurivora isolates, conidia are hyaline,
allantoid, aseptate, and eguttulate with conidiophores reduced to single, straight,
filamentous conidiogenous cells. A detailed description of all the morphological
measurements, by group, along with in vitro colony descriptions are listed below.
Accompanying photographs of morphological measurements and colony descriptions can
be found listed under the figures heading. G1: Culture characteristics (Fig. 1.1 A): After
7 days in the dark, at 25°C, on PDA mycelium was honey in center with buff, serrated
edges, growth was 85mm. After 14 days in the dark, at 25°C, on PDA color darkened to
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olivaceous grey with grey tuffs around edges. Description (Fig 1.1 B and C):
Conidiophores filamentous, branching into conidiogenous cells (6- ) 8-10(-11) μm.
Conidia single, hyaline, allantoid (3- ) 3-4 (-5) μm. G2: Culture characteristics (Fig 1.2
A): After 7 days in the dark, at 25°C, on PDA mycelium was honey in center with buff,
serrated edges, growth was 85mm. After 14 days in the dark, at 25°C, on PDA color
darkened to olivaceous grey with grey tuffs around edges. Description (Fig 1.2 B and C):
Conidiophores filamentous, (7- ) 8-10 (-12) μm. Conidia single, hyaline, allantoid (3- ) 45 (-6) μm. G3: Culture characteristics (Fig 1.3 A): After 7 days in the dark, at 25°C, on
PDA mycelium was Buff with irregular, lobed edges and submerged hyphae. Growth was
65mm. After 14 days in the dark, at 25°C, on PDA color darkens to olive grey.
Description (Fig 1.3 B and C): Conidiophores filamentous, (6- ) 8-10 (-11) μm. Conidia
single, hyaline, allantoid (3-) 3-4 (-5) μm. G4: Culture characteristics (Fig 1.4 A): After 7
days in the dark, at 25°C, on PDA mycelium growth was 51mm. Small irregular growth
with lobed edges and submerged hyphae. Buff near edges with pale vinous grey on main
the body. After 14 days in the dark, at 25°C, on PDA color darkened to black at center,
with pale vinous grey extending into tips. Description (Fig 1.4 B and C): Conidiophores
filamentous, (7- ) 7-10 (-11) μm. Conidia single, hyaline, allantoid (4- ) 5-6 (-6) μm. G5:
Culture characteristics (Fig 1.5 A): After 7 days in the dark, at 25°C, on PDA mycelium
was small radial growth with curled edges. Buff with faint honey ring near center.
Growth was 52mm. After 14 days in the dark, at 25°C, on PDA color darkened olive grey
with buff edges. Description (Fig 1.5 B and C): Conidiophores filamentous, (7- ) 8-11 (13) μm. Conidia single, hyaline, allantoid (3- ) 4-5 (-6) μm. G6: Culture characteristics
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(Fig 1.6 A): After 7 days in the dark, at 25°C, on PDA mycelium was radial, filamentous,
and pale yellow with brown center. Growth was 90mm. After 14 days in the dark, at
25°C, on PDA color darkened to umber with black edges. Description (Fig 1.6 B and C):
Conidiophores filamentous, (5- ) 6-8 (-9) μm. Conidia single, hyaline, allantoid (3- ) 4-5
(-6) μm.
BLASTn results for all but two of the study isolates revealed highest sequence
identity (99.5%) to Cytospora plurivora, with the remaining two isolates, MR-1 and MR5, belonging to the G6 group matching to C. erumpens (96.4%). The maximum
likelihood (ML) analysis used a best fit model of Kimura-2-parameter-model with
gamma distribution, K2+G, for the ACT and EF trees, the Hasegawa-Kishino-Yano
model with gamma distribution for the TUB2 tree, and the Tamura 3 parameter model for
the CAL tree. The results of the partition homogeneity test came back with a p-value =
0.1170 > α = 0.05 for three, ACT, TUB2, and EF, of the four gene regions, allowing for
these three regions to be combined into a single tree (Fig. 2). The combined alignment
produced a data set of 40 nucleotide sequences that contained 1844 site, of which 599
(32%) were parsimony informative. The maximum parsimony (MP) analysis produced a
tree of 257 steps with a CI of 0.5115, RI of 0.7644, and a RC of 0.4491. The majority of
the study isolates clustered together with C. plurivora with supporting bootstrap values of
99% for ML and 99% MP. The two remaining isolates from the G6 group, MR-1 and
MR5- clustered with C. erumpens with supporting bootstrap values of 85% for ML and
96% for MP. The ACT alignment produced a data set of 38 nucleotide sequences that
contained 337 sites, of which 96 (28%) were parsimony informative. The MP analysis
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(Fig. 3) produced a tree of 273 steps with a consistency index (CI) of 0.5065, a retention
index (RI) of 0.7355, and a consistency index (RC) of 0.4284. The TUB2 alignment
produced a data set of 23 nucleotide sequences that contained 704 sites, of which 208
(30%) were parsimony informative. The MP analysis (Fig. 4) produced a tree of 278
steps with a CI of 0.6948, RI of 0.7804, and a RC of 0.5423. The CAL alignment
produced a data set of 13 nucleotide sequences that contained 519 site, of which 37 (7%)
were parsimony informative. The MP analysis (Fig. 5) produced a tree of 129 steps with
a CI of 0.8095, RI of 0.7647, and a RC of 0.7410. The EF alignment produced a data set
of 29 nucleotide sequences that contained 767 sites, of which 295 (38%) were parsimony
informative. The MP analysis (Fig. 6) produced a tree of 217 steps with a CI of 0.5497,
RI of 0.7695, and a RC of 0.4283. The CAL tree showed similar clustering with the two
groups of study isolates, but due to the lack of reference sequences deposited in GenBank
are not taxonomically informative.
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Discussion:

Cytospora species are known to cause necrotic cankers on limbs that can lead to

dieback, loss of yield, and ultimately death if left untreated (Biggs 1989). Cytospora
isolates were first reported on peach trees in South Carolina (Froelich and Schnabel
2019) causing concern given the vital role of this crop to the local economy. However,
identification of Cytospora species based on previous methods has been shown to be
unreliable. The descriptions of conidia and conidiophores for the South Carolina isolates
were consistent, in both size and shape, with that of C. plurivora, a species first described
in California in 2018 (Lawrence et al. 2018). These measurements were seen across all
six of the genotype groups, despite the variability in culture morphology between, and
within the different genotype groups. Morphological descriptions of anamorphic
characteristics for Cytospora are often indistinguishable and exhibit morphological
plasticity between species (Spielman 1985; Lawrence et al. 2018). Some measurements
for both conidia and conidiophores that were larger than the reported size for C.plurivora,
but this is most likely from variation seen in morphological features in species throughout
this genus. It has also been suggested that the host’s tissue can affect the development of
pycnidia, but the study isolates and the reference isolate from GenBank with the highest
percent similarity, KARE-80, both come from the same host, peach (Prunus persica)
(Adams et al. 2002).
Sequencing data of four additional loci (ACT, TUB2, CAL, and EF) revealed that
the majority of the South Carolina isolates share a 99% similarity with that of C.
plurivora, differing from that of the initial ITS results of C. leucostoma (Leucostoma

24

persoonii). This is due to a combination of the lack of descriptive power of the ITS
region, and the lack of available reference sequences at the time of the initial sequencing.
These four regions, listed above, have been shown to provide greater species
determination beyond standard barcoding especially for Cytospora species, as a previous
study found the EF region had greater delineation power, over ITS, in the identification
of two novel Cytospora species found on grapevine (Lawrence et al. 2017; O’Donnell et
al. 2015). Phylogenetic trees demonstrated that all but two of the isolates clustered
around those of C. plurivora, with supporting bootstrap values of 99%. The remaining
two isolates, MR-1 and MR-5, cluster together around a species closely related to C.
plurivora, C. erumpens with bootstrap values between 85%-90%. The fourth gene region,
CAL, has been suggested for use in identifying species from the Diaporthales, but,
however, was the least taxonomic informative due to the lack of ex-type species
sequences deposited in GenBank specifically for Cytospora (Lawrence et al. 2017; Nouri
et al. 2019; Yang et al. 2020). While not beneficial to this study, the CAL sequences still
provide insight by showing a clustering pattern similar to that found in the other
phylogenetic trees presented in this study, further strengthening the phylogenetic
relationship of the South Carolina isolates.
The initial sequencing of the ITS region for the South Carolina isolates, (Froelich
and Schnabel 2019), did not match with the results found from this study. Initial findings
identified the isolates as belonging to Cytospora leucostoma, the asexual state of
Leucostoma persoonii, a well-documented pathogen of many different hosts including
peach (Biggs and Grove 2005; Pan et al. 2020). C. leucostoma has historically been
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attributed to being one of the main causal agents of Cytospora (Leucostoma) canker,
along with C. cincta, in the United States since it was first reported on in the early 1900s
(Stewart et al. 1900). As molecular techniques have become more accessible, and
affordable, a greater diversity of species has been found. Reports from major peach
growing regions across the United States, including California and Colorado, have
documented a plethora of new species once thought to be C. leucostoma or C. cincta
(Lawrence et al. 2018; Stewart et al. 2021). The results from this study correlate with
these new findings as the majority of isolates sampled were identified, with support from
sequencing and morphological data, as C. plurivora, a newly described species from
California. These new findings raise questions about the use of C. leucostoma as the
correct name for species identity for previously reported Cytospora species. None of the
studies mentioned above, including this one, has reported isolating C. leucostoma from
peach growing regions within the United States. C. leucostoma was reported being
isolated from other regions of the world on hosts such as hazelnut (Corylus heterophylla
Fisch.) from China in 2021 (Gao et al. 2021), suggesting that C. leucostoma is present in
certain areas globally. Further study is needed to determine if C. leucostoma can be
isolated within the United States as previous studies have suggested (Alfieri et al. 1973;
Adams 1989). New techniques, like the one presented in this study, should be used to
better parse out, and expand our understanding of the diversity found within the
Cytospora genus.
The combination of genetic sequencing and morphological descriptions used in
this study, has allowed the identification of newly reported Cytospora isolates in South
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Carolina. While C. plurivora has already been reported from other parts of the United
States, this study has expanded upon its geographical distribution to now include the state
of South Carolina. This is not the first instance of Cytospora species being reported
within the state. Previous accounts have reported Cytospora in South Carolina as early as
the 1960s on Gordonia and Hydrangea (USDA 1960). The Cytospora isolates from
peach were found as a result from an extensive survey into the causes of twig blight
(Froelich and Schnabel, 2018), indicating that C. plurivora has likely been present but
has merely gone overlooked. Given the highly cultivated, and managed, nature of peach
orchards, it is also likely that Cytospora cankers were removed before an outbreak could
occur, eliminating the need for earlier studies into this pathogen. The findings from
Froelich and Schnabel (2019) indicate the importance of conducting such a survey at
regular intervals in order to remain vigilant to fungal organisms that pose a potential risk
to vital crops systems.
Identification is the first step in developing treatment plans against plant
pathogens, but with certain species, as with the cryptic nature of Cytospora, morphology
has led to these species being misidentified, and the full extent of their impact to be
underestimated. With the advent of, and the subsequent ease of access, molecular
techniques have provided new tools to deal with identifying cryptic species (Bickford et
al. 2007). These techniques have led to the discovery of new Cytospora species, on new
hosts, and have helped to expand our understanding of the vast diversity found within a
single genus.
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Table 1. List of Cytospora isolates used for morphology and phylogenetic analysis
Isolate

Genotype
Group

Location

MB-3
G-19
Y-19
Y-8
Y-3
Y-12
G-18
MB-13
MR-13

G1
G1
G1
G2
G2
G2
G2
G2
G3

MB-2
Y-18
G-2
MB-11
G-13
G-11
MR-1

G3
G3
G4
G5
G6
G6
G6

MR-5

G6

McBee, SC
Greer, SC
York, SC
York, SC
York, SC
York, SC
Greer, SC
McBee, SC
Mountain
Rest, SC
McBee, SC
York, SC
Greer, SC
McBee, SC
Greer, SC
Greer, SC
Mountain
Rest, SC
Mountain
Rest, SC

Collection
Year

Used for
Morphology

2016
2016
2016
2016
2016
2016
2016
2016

✓

2016

✓

✓

✓
✓
✓

✓
✓
✓
✓
✓

✓

Sequence Data Obtained
ACT
✓
✓
✓
✓
✓

TUB2
✓

✓

2016
2016
2016
2016
2016
2016

CAL
✓
✓
✓
✓

EF1α
✓
✓

✓
✓
✓

✓

✓

✓
✓

✓
✓

✓

2016

✓

2016
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✓

Table 2. Primers used in Polymerase Chain Reaction (PCR)
Gene
Actin 1
Beta Tubulin 2
Calmodulin 1
Trans-Elongation 3
Factor

Primer
ACT-512 F
ACT-783R
TUB- 2a
TUB -2b
CAL- 228F
CAL-737R
EF1α- 688F
EF1α-1251R

Sequence
5’- ATGTGCAAGGCCGGTTTCGC-3’
5’- TACGAGTCCTTCTGGCCCAT-3’
5’-GGTAACCAAATCGGTGCTGCTTTC- 3’
5’-ACCCTCAGTGTAGTGACCCTTGGC-3’
5’- GAATTCAAGGAGGCCTTCTCCC-3’
5’- CATCTTTCTGGCCATCATGG-3’
5’- CGGTCACTTGATCTACAAGTGC-3’
5’- CCTCGAACTCACCAGTACCG-3’

1. Carbone, I. and Kohn, L. 1999. A method for designing primer sets for
speciation studies in filamentous ascomycetes. Mycologia 91: 553-556.
2. Glass, N. L., and Donaldson, G.C. 1995. Development of primer sets designed
for use with the PCR to amplify conserved genes from filamentous ascomycetes. Appl.
Environ. Microbiol. 61: 1323-1330.
3. Alves, A., Crous, P., Correia, A., Phillips, A. 2008. Morphological and
molecular data reveal cryptic speciation in Lasiodiplodia theobromae. Fungal Diversity.
28: 1-13.
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Table 3. Reference isolates and accession numbers used in phylogenetic tree construction
Species

Isolate

Host

GenBank Accession Numbers
ACT

TUB2

CAL

EF1α

Cytospora amydagli

LH356

Prunus dulcis

MG972002

MG971717

-

MG971658

C. amydagli

LH357/CBS144233

Prunus dulcis

MG972001

MG971718

-

MG971659

C. austromontana

Willow21

Salix sp.

-

-

KM669844

-

C. californica

KARE197

Prunus dulcis

MG972081

MG971786

-

MG971642

C. californica

KARE198

Prunus dulcis

MG972065

MG971777

-

MG971625

C. chrysosperma

CFCC89981

Populus alba

MH933533

MH933568

-

MH933501

C. erumpens

CFCC50022

Prunus padus

MH933534

MH933569

-

MH933502

C. erumpens

MFLUCC 16-0580

Salix x fragilis

KY417699

-

-

-

C. eucalypti

KARE 1585/CBS144241

Prunus dulcis

MG972056

MG971772

-

MG971617

C. gigaspora

CFCC 89634

Salix psammophila

KU711000

KR045672

-

KU710923

C. joaquinensis

KARE 975/CBS 144235

Populus deltoides

MG972044

MG971761

-

MG971605

C. longsporia

10F-57/CBS 144236

Prunus domestica

MG972044

MG971764

-

MG971615

C. leucostoma

CFCC 53169

Prunus persica

MK673050

MK672996

-

MK672966

C. oleicola

KARE 1021/CBS144248

Olea europaea

MG972098

MG971752

-

MG971660
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Table 3. Reference isolates and accession numbers used in phylogenetic tree construction (continued)
Species

Isolate

Host

GenBank Accession Numbers
ACT

TUB2

CAL

EF1α

C.parakantschavelli

KARE 974/CBS 144243

Populus deltoides

MG972047

MG971765

-

MG971608

C. parapistaciae

KARE270/CBS 144506

Pistacia vera

MG971954

MG971669

-

MG971519

C. pistaciae

KARE443/ CBS 144238

Pistacia vera

MG971952

MG971667

-

MG971517

C. plurivora

KARE79

Prunus persica

MG972031

MG971741

-

MG971592

C. plurivora

KARE80

Prunus persica

MG972032

MG971748

-

MG971593

C. populicola

KARE973/CBS 144240

Populus deltoides

MG972040

MG971757

-

MG971601

C. punicae

5A-80/CBS 144244

Punica granatum

MG972091

MG971798

-

MG971654

C. rostrata

CFCC 89909

Salix cupularis

KU711009

KR045684

-

KU710932

C. sophorae

CFCC 89598

Sophora japonica

KU11018

KR045695

-

KU710941

C. sorbicola

KARE 83

Prunus persica

MG971992

MG971707

-

MG971556

C. sorbicola

9C-89

Prunus persica

MG971986

MG971683

-

MG971533

Diaporthe ampelina

Wolf912

Vitis vinifera

D. vaccinii

CBS 160.32

Vaccinium macrocarpon

JQ807297
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KC344196

-

KC343954

A

B

C

Figure 1.1 Morphology for Genotype G1 grown in the dark at 25°C on PDA: A. Sevenday-old culture (left), Fourteen-day-old PDA culture (right). B. Conidia. C.
Conidiophore. Bars B = 10 μm C = 20 μm.
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A

C

B

Figure 1.2 Morphology for Genotype G2 grown in the dark at 25°C on PDA: A. Sevenday-old culture (left), fourteen-day-old PDA culture (right). B. Conidia. C. Conidiophore.
Bars B = 10 μm C = 20 μm.
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A

B

C

Figure 1.3 Morphology for Genotype G3 grown in the dark at 25°C on PDA: A. Sevenday-old culture (left), fourteen-day-old PDA culture (right). B. Conidia. C. Conidiophore.
Bars B = 10 μm C = 20 μm.
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A

B

C

Figure 1.4 Morphology for Genotype G4 grown in the dark at 25°C on PDA: A. Sevenday-old culture (left), fourteen-day-old PDA culture (right). B. Conidia. C. Conidiophore.
Bars B = 10 μm C = 20 μm.

39

A

B

C

Figure 1.5 Morphology for Genotype G5 grown in the dark at 25°C on PDA: A. Sevenday-old culture (left), fourteen-day-old PDA culture (right). B. Conidia. C. Conidiophore.
Bars B = 10 μm C = 20 μm.
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A

B

C

Figure 1.6 Morphology for Genotype G6 grown in the dark at 25°C on PDA: A. Sevenday-old culture (left), fourteen-day-old PDA culture (right). B. Conidia. C. Conidiophore.
Bars B = 10 μm C = 20 μm.
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Cytospora plurivora

99/99

99/98

73/84
98/98

95/96

97/95

85/83
81/83

94/100
93/92

Fig. 2. Phylogenetic tree based on an alignment of the sequences of the ACT, TUB2, and
EF regions, which was generated using the ML and MP method in MEGA. Numbers
above (ML), and below (MP) the slash represent the bootstrap values >70%.
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Cytospora plurivora

99/99

99/99

83/94

Cytospora erumpens

93/97
95/97
94/95

93/92

100/100

89/87
70/*

Fig. 3 Phylogenetic tree based on an alignment of the sequences of the ACT region,
which was generated using the ML and MP method in MEGA. Numbers above (ML),
and below (MP) the slash represent the bootstrap values >70%. Values represented with
an asterisk are <70%.
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Cytospora
plurivora

95/98

85/87

99/100
100/99

86/92
88/*

100/100

Fig. 4 Phylogenetic tree based on an alignment of the sequences of the TUB2 region,
which was generated using the ML and MP method in MEGA. Numbers above (ML),
and below (MP) the slash represent the bootstrap values >70%. Values represented with
an asterisk are <70%.
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100/99

Fig. 5. Phylogenetic tree based on an alignment of the sequences of the CAL region,
which was generated using the ML and MP method in MEGA. Numbers above (ML),
and below (MP) the slash represent the bootstrap values >70%. Values represented with
an asterisk are <70%.
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94/98

Cytospora plurivora

92/89

100/99

71/79

93/94

Cytospora erumpens

99/100

100/100

99/99
93/88

97/98

92/93

Fig. 6. Phylogenetic tree based on an alignment of the sequences of the EF1α region,
which was generated using the ML and MP method in MEGA. Numbers above (ML),
and below (MP) the slash represent the bootstrap values >70%. Values represented with
an asterisk are <70%.
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